Conceptual model 114
The model mimics a typical diffusion experiment, with a cocktail of ra-115 dionuclides (in this set of calculations a conservative tracer and cesium) that 116 is in contact with one face of the considered rock volume and diffuses into the 117 rock matrix. Previous studies have shown that the properties of alteration rim 118 and fracture coating vary highly within the experimental area of LTDE-SD in 119Ä spö [12] . Thus our analysis focuses on the intact rock and the alteration rim 120 was left out of this study (see Figure 3 ). It is worthwhile noting that in the 121Ä spö LTDE-SD experiment, the diffusion experiment was carried out from an 122 exposed fracture surface but also from a slim hole directly in contact with the 123 intact rock matrix [12] . The numerical model presented in this work is quali-124 tatively consistent with this second experimental set-up (i.e. diffusion into the 125 intact rock matrix). A previous study on the distribution of porosity in the LTDE-SD samples 132 carried out using C-14-PMMA autoradiography has shown that a considerable 133 amount of porosity lies within grain boundaries and micro fissures [13] . Hence, 134 it is assumed here that the accessible porosity is mostly constituted by inter-135 granular space (i.e. space between mineral grains), whereas additional intra-136 granular pore space is neglected. There is evidence [4, 16, 17] that, in granitic 137 rocks, dark minerals (e.g. biotite) contain a significant amount of intra-granular 138 pore space. However, in the sample considered in this study there is a low 139 amount of biotite and its mineral grains are small and sparsely distributed 140 (Figure 2 and 3) . Thus, it is considered that in this specific rock sample intra-141 granular space has only a minor effect on radionuclide diffusion.
142
The inter-granular space is conceptualised as a number of rectangular micro- representation of an IGN is shown in Figure 4 . The resulting IGN for the con-148 sidered rock volume of LTDE-SD1 consists of 23, 902, 412 IGV's and 59, 597, 122 149 connections, is the topological space of the reactive transport problem addressed 150 here.
151
The distance between adjacent mineral grains (i.e. d in our model) is a 152 highly uncertain parameter. However, a realistic assumption is that the upper 153 threshold for d is below the resolution of the X-ray data (i.e. below 10 µm) 154 and scanning electron microscopy analyses have shown that most of the inter-155 granular distances are close to or below 1 µm.
156
With these considerations in mind, a first model, denoted as "Base Case" 157 (BC) model, was built using a constant inter-granular distance of 0.3 µm, which 158 resulted in a total (bulk) porosity of 0.31 %. This value is in agreement with lab- To assess the influence of changes in inter-granular space, with smaller micro-162 fractures enhancing diffusive transport and narrowings hindering the transfer of 163 mass, a second set of calculations was considered ("Variant Case" (VC) model).
164
In this case the inter-granular distance was defined using a log-uniform distri-165 bution (Y = log 10 d) ranging between Y = −1.5 and Y = 0.47 (i.e. minimum 166 inter-granular distance d min =0.03 µm and maximum inter-granular distance 167 d max =3 µm). The geometric mean of the inter-granular distance is equal to 168 0.3 µm (i.e. identical to the constant value used in the BC model) while the 169 arithmetic mean is higher (0.64 µm). It is assumed that at the scale of an IGV, Fick's law is still valid [20] .
178
Molecular diffusion in free water was set to 1 · 10 −9 m 2 /s. In the BC model 179 local tortuosity, τ [-] , was set to 0.1 resulting in a value of local diffusivity 180 (i.e. diffusivity defined over a support volume of a single IGV) of D p = 1 · 181 10 −10 m 2 /s. Note that the term "tortuosity" is here used in the same sense 182 of De Marsily [21]; i.e. as the ratio between pore diffusivity and molecular 183 diffusion in free water. This value of local tortuosity has been defined so that the 184 resulting value of macro diffusivity (see section 4.1) is consistent with laboratory 185 experiments carried out in a rock sample taken from the same area of the LTDE-186 SD experiment [18] .
187
In the VC model, tortuosity is defined based on the linear expression:
where subscript i indicates the i-th IGV. 1) and that tortuosity decreases linearly with decreasing inter-granular distance.
191
The average value of tortuosity for the VC model isτ = 0.21, which gives an 192 average local pore diffusivityD p = 2.1 · 10 −10 m 2 /s. gives a surface specific CEC s of 19.6 µeq/m 2 . Thus, for each IGV exposed to a 205 biotite grain, a bulk site density is defined as
where superscript b stands for bulk. If none of the two neighboring grains of 207 the IGV are biotite, then the site density is set to zero. For the sake of simplicity, 208 in Eq.2 no distinction is made between the case where both neighboring grains 209 are biotite and the case when only one is a chemically reactive grain.
210
Simulations were carried out using the reactive transport code PFLOTRAN 211 [24, 25] . The penetration of the conservative tracer is analysed by computing the 219 average concentration at given x − y cross section planes and comparing it with 220 the analytical solution for diffusion in a plane sheet [27, 28] :
where C 0 is the boundary concentration applied at z = 0 and L is the total 222 length of the domain. In the analytical model, retention processes are repre- shown in Figure 5 . The best fit with the analytical solution is obtained using a 233 value of macro diffusivity of 5 · 10 −11 m 2 /s for the BC model and 2. thus increasing the overall tortuosity of the system. centration. Cesium is sorbed in very few exposed IGV's (i.e. the inter-granular 264 volumes that are neighbors of biotite grains). However, these exposed IGV's 265 behave as sinks of radionuclides and their influence on the transport of aqueous 266 cesium extends far beyond the location of biotite grains, keeping cesium aqueous 267 concentration at low levels also in surrounding areas. Furthermore, these cesium 268 concentration patterns are similar to the ones observed from similar diffusion 269 experiments and analysed using autoradiographic techniques [29, 30, 12] .
270
The penetration profiles of aqueous cesium obtained with the two models analysis is then carried out by sawing the samples into slices. Each slice is then 289 analysed by means of direct activity measurements, which provide an estimation 290 of the total radionuclide mass contained in the considered slice. To mimic this 291 experimental approach, penetration profiles of total cesium mass computed at 292 150 h for the two IGN models, the analytical solutions and the homogeneous 293 simulation are shown in Figure 10 . Mass is normalised by the total mass in the 294 first slice (i.e. the slice located closest to the exposed face of the rock sample).
295
As expected, given the underlying assumption of linearity, the analytical results 296 are the same already observed for aqueous concentration (Figure 9 ). Slight devi- depleted, particularly close to the exposed boundary. As in the case of aqueous 301 concentrations, none of the homogeneous models is able to capture the long 302 penetration tails observed in the two IGN calculations.
303
The visual inspection of the spatial distribution of cesium ( Figure 8) has 304 already pointed out that the medium behaves as a composite system, with 305 most of the mass being strongly retained close to the biotite grains and a non- and a small part of it being quickly channeled along macropores ([e.g. 31] ).
310
Similarly to the approach employed by Trinchero et al.
[32] to simulate flow in 311 a mining waste rock pile, here we use an alternative analytical model based on 312 two parallel diffusive pathways:
A similar approach was also used by Cvetkovic [33] to evaluate the results 314 of the LTDE-SD experiment. nearby strongly sorbing area, and the remaining 10% of the mass that diffuses 330 along pathways that exhibit less retention potential.
331
It is worthwhile stressing that this composite behavior depends in turn on the 332 ratio between the characteristic length of the problem and the average distance 333 between chemically reactive grains. In the considered problem, the characteris- 
377
• when internal variability of inter-granular space is taken into account, 378 macro diffusivity is further decreased due to the effect of narrowings, which 379 have to be by-passed by diffusing solutes.
380
• active grains behave as sinks for aqueous radionuclides and their influence 381 extends far beyond the location of the grains itself.
382
It is worthwhile noting that the conclusions obtained from this work do not 
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